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Overview

• Short Introduction on Neutron Metrology: what is and why is it 
needed? 

• Description of the Enea-INMRI Metrology Institute for ionisation 
radiations 

• Neutron Metrology Laboratory main activities since 2013: 

1. Calibration measurement service 

2. Revaluation of primary standards for future intercomparisons 

3. MC calculations for accurate prediction of neutron dose delivered by 
neutrons in several experiments (external collaborations, european 
projects, etc)



Neutron metrology: what is and why is it needed?

This apparently simple task is made complicated by the very large range of energies and neutron intensities (fluence 
rates or fluxes) over which measurements have to be made to provide the standards needed by the various end-users. 

This enormous range sets a challenge for designing measuring devices and a parallel challenge of developing 
measurement standards for characterizing these devices. 

Calculations are used in neutron metrology to extend and augment measurements. The ability to model devices 
in detail and to simulate neutron histories accurately has been one of the main sources of improvements in neutron 
standards over recent years.

http://www.bipm.org/

Neutron metrology is the science which enables measurements of the 
intensity of neutron fields over a wide energy and intensity ranges, with 
definition and realisation of the physics units for counting free neutrons

The primary physical quantities  for which standards are required: 

neutron emission rate: number of neutrons emitted from a source  

neutron fluence (rate): number of neutrons crossing a defined area (per unit time) 

http://www.bipm.org/


Neutron radiation fields for which neutron metrology is 
relevant 

• Nuclear industry, from the initial fuel enrichment and fabrication processes right through 
to storage or reprocessing 

• High energy accelerators, including photon linear accelerators used for cancer therapy  

• Cosmic ray: roughly 50% of doses experienced by fliers at the flight altitudes of 
commercial aircraft are due to neutrons. 

• Research on fusion with a whole new range of challenges because of the very high 
fluences expected

Extracted Proton 
Beamlines 

• Kickers powered by PFNs 0-5,000 A in < 200 ns 
• Extract septum runs at ≈ 9,000 A DC 
• 800 MeV beam runs to target via EPB with DC magnets 
• 1 in 5 pulse pairs sent to TS-2 by kicker 
   and septum magnets 

Provide input parameters for reactor design and 
control (Criticality dosimetry , etc)

Radiation protection



National Metrology Institutes 
and BIPM

• Each State has its own metrology 
infrastructure. In most cases the BIPM 
interacts principally with one National 
Metrology Institute (NMI) per State, as 
nominated through the State's Foreign 
Affairs Department. That NMI is 
responsible for coordinating with any 
other institutes (NMIs or others) that 
make up that nation's metrology system 

• The ENEA-INMRI  cooperates at the 
international level under the auspices of the 
Bureau International des Poids et 
Measures (BIPM) which coordinates the 
research activities of the NMIs in the words 
by ensuring world-wide uniformity of 
measurements and their traceability to the 
International System of Units (SI). 

The BIPM coordinate the NMIs with the 
authority of the “Meter Convention” , a 
diplomatic treaty between 55 nations, and it 
operates through a series of Consultative 
Committees, whose members are the 
NMIs of the signatory States.  

The Consultative Committee for Ionizing 
Radiation (CCRI) has three sections: Section 
(I) deals with radiation dosimetry, Section (II) 
with radionuclide metrology and Section 
(III) with neutron metrology. 



National Metrology Institutes (NMIs) members of 
“Neutron Measurement” international commette CCRI(III)
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improved standards, 2) key comparison reference values and degrees of equivalence.
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ENEA-INMRI: the Italian Institute of Metrology of 
ionisation radiations

• The National Institute of Ionizing Radiation Metrology “ENEA-INMRI” is 
responsible for developing and providing the Italian national standards relating to 
the ionizing radiation quantities. 

• ENEA-INMRI belongs to ENEA and is located at the ENEA Casaccia Research 
Centre, near Rome.  

• The ENEA-INMRI calibration and measurement capabilities (CMCs) are 
internationally recognised in the frame of the MRA (as described in the BIPM Web 
site) 

• The metrological activities at ENEA-INMRI include the development and 
maintenance of Italian national standards in the field of ionizing radiation and 
are carried out along the following lines: 

Therapy level and industrial radiation processing dosimetry standards 

  Protection level dosimetry standards 

Radionuclide standards 

Neutron standards.

Laboratory of Metrology for 
Therapy-Level Dosimetry

Laboratory of Neutron 
Metrology

Laboratory of Radon Metrology

Laboratories of Metrology for 
Protection-Level Dosimetry and 

Radionuclide



ENEA-INMRI main 
activities

1.Development and maintenance of primary 
and secondary standards 

• Inter-comparison with other NIMs 

• Participation to international commettes  
and organism (BIPM, CIPM, CGPM, 
EURAMET) 

2.Research on measurement methods and 
standardisation of measurement procedures 

• National inter-comparisons 

3.Certification and Accreditation 

• Calibration service and certification  

• Accreditation of secondary standard 
laboratories (ACCREDIA LAT centres) 

4.Didactics and Academic Activities



ENEA neutron metrology main activities

• Providing source based calibration fields and measuring neutron source 
emission rates 

• Characterisation of neutron calibration fields at external facilities  (in this frame 
there is an ongoing collaboration with TRIGA Ing. A. Grossi) 

• Participation in international comparisons (as scheduled in 2015 CCRI(III) meeting)  

• Monte Carlo simulation for experiments (also in the frame of scientific 
collaborations with other European Nuclear Research Institutes) 

•Irradiations and calibrations of detectors and dosemeters in (quasi-) 
monoenergetic neutron fields (thermal) and in neutron fields with broad energy 
distributions (AmBe, AmB, PuBe, Cf) 

•Neutron Training courses of “Suola di Specializzazione in Fisica Medica” for 
University of Tor Vergata (Rome)
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New Comparison

H*(10): starting 2016 
Circulation of two « Smartrem » survey meter: one 

PTB and one IRSN 
Comparison of H*(10)/count or of calibration factor 

Field (1 or several among the following):  
AmBe, Cf, Cf+D2O (30 cm) 

Pilot : PTB (Andreas Zimbal) – stability check at 
PTB between participants  

Participants: NMISA, NPL, CMI, KRISS, NIST, 
NMIJ, PTB, NRC, ENEA, VNIIM, IRSN, SCK/
CEN, CIEMAT, NIM, others? (LNMRI, 
ARPANSA, SMU)

Neutron source emission rate (new K9) 
Source = 252Cf (Cm to be studied but problem 

of energy distribution) 

Pilot = NPL (Neil Roberts) – to be confirmed 
due to source availability 

Participants: ENEA, NRC, KRISS, NIST, 
LNHB, CMI, NPL, NIM, VNIIM, NMIJ 
(+LNMRI?) 

From last CCRI(III) meeting 
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❖ Extensive use of several among the main Monte Carlo codes (FLUKA, GEANT4, MCNP) for 
dosimetric and metrology characterisation of radiation beams, mainly from accelerator driven 
particle sources 

❖ MC for radiation detector development and response characterisation (both electron/gamma 
and neutron fields) 

❖ Finite element codes as support for thermal detector response and accelerator component 
design (particle dump)

Simulation Activities

1 MeV energy deposited by neutrons
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Polyethylene vs Graphite
Comparison between max thermal fluence in polyethylene at the external boundary  
polyethylene seems to be more effective for shielding purposes  and able to 
provide more “clean” thermal spectrum with lower thickness with respect to 
graphite
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The quality and quantity of the scientific work have been increased substantially thanks to the 
high performance of CRESCO cluster (exploitations of parallel computations)
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“The facility”



Laboratory layout
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A is the neutron source storage room 
B is the primary standard room 
(neutron thermal flux and MnSO4 
bath sphere) 
S is the calibration room
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S 16 8 4
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Thermal Standard and  
MnSO4 bath room
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Control room
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Irradiation room
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Total neutron source inventory

Source Type Quantity
Neutron Emission 

rate[s-1]

Am-Li 2
1.0 E+05  
4.0 E+04  

Am-F 1 4.5 E+05 

Am-B 1 4.0 E+05  

Am-Be 4

2.2 E+06 (**)  
2.9 E+06 (**)  

2.4 E+06  
7.2 E+04 

Po-Li 1 1.3 E+01  

Cf-252 4

6.9 E+04  
2.9 E+03  
1.2 E+02  
4.6 E+01  

For calibration reference fields AmBe sources  embedded in the 
thermal neutron  density standard

Source 
Type

Quantity
TotalActivity 

[Bq]

Am-Be 6 2.10E+11

(**) Values measured by MnSO4 bath calibration in 2012. 

The Purchase of new Cf-252 sources is planned for the 
next year.



Calibration Service (1/2)
Neutron device calibrations: 

• Since 2013 main focus and effort on maintaining and 
improving the survey meter calibration service 

• Two calibrated AmBe (ISO X3) sources are used to 
produce reference fields 

• Their neutron emission rates have been estimated by 
the MnSO4 method in 2012 [ref. M. Amendola,et al. 
Radioanal. Nucl. Chem. 301, 109 (2014)] 

• The neutron fluence to ambient dose equivalent 
conversion is calculated using the AmBe neutron 
energy spectrum provided by ISO-8259 and the 
conversion coefficient given in ICRU Report (hφ*=391 
pSv cm2 ) 

• The response of the dose rate meter is measured as a 
function of the distance from the source and corrected 
by the room scatter correction applied using the ISO 
“Reduced fit method”

The range of ambient equivalent dose rate for 
calibration goes from 8 μSv/h to 350 μSv/h (it is going 
to be extended by acquiring a 5 times more intense 
PuBe source) 

Experimental accurate measurement of the 
reference neutron spectrum has been planned and 
it will be carried out in collaboration with LNF-
INFN (G.Giordano, M. Iannarelli)

D. Alloni et al.: Italian Neutron Sources 11

Fig. 9. Neutron Laboratory hall: Calibration experimental set-up .

Table 9. National standards maintained at the ENEA-INMRI (Italy) in the field of neutron metrology.

Quantity Standard Radiation Quality Uncertainty* Measurement range

Neutron emission Manganese sulphate 1.5 105-107

rate bath (MnSO4)
241Am-Be [s�1]

Neutron flux Thermal neutron flux 1.5 1.2 · 104
density density standard Thermal neutrons [cm�2s�1]
* The uncertainty values are relative (%) combined standard uncertainties (k=1).

Table 10. Radionuclide neutron sources available at the
ENEA-INMRI for neutron metrology.

Source Type Quantity Neutron emission rate
( at the date of this article)
[s�1]

Am-Li 2 1.0 E+05
4.0 E+04

Am-F 1 4.5 E+05
Am-B 1 4.0 E+05
Am-Be 4 2.24 E+06*

2.89 E+06*

2.4 E+06
7.2 E+04

Cf-252 ** 4 6.9 E+04
2.9 E+03
1.2 E+02
4.6 E+01

Po-Li ** 1 1.3 E+01

* Values measured by MnSO4 bath calibration in 2012
** The Cf-252 and Po-Li neutron sources have decayed down to
too low emission rate values and are no longer usable e↵ectively.
Purchase of new sources is planned before the end of 2014

Furthermore the ENEA-INMRI can rely on more intense neutron sources and/or irradiation facilities managed by
other ENEA Technical Units such as the thermal TRIGA Reactor (1 MW, 3 ·1013 cm�2s�1) and the fast TAPIRO
Reactor (5 kW, 5·1012 cm�2 s�1) [28].
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Certification Service (2/2)
 
 
 
 
 
 

             Istituto Nazionale di Metrologia 
           delle Radiazioni Ionizzanti 

This certificate can be exclusively reproduced faithful to the official version as released by ENEA-INMRI. 
Any partial reproduction of the certificate must be authorized by the ENEA-INMRI. 

page n. 1 of 6, 73/N 

                                   CALIBRATION CERTIFICATE 

N. 73/N 
This Cerificate is consistent with the calibration and measurement capability (CMC) specified in Annex C of the “Mutual 
Recognition Arrangement” (MRA), drawn up by the International Commettee of Weights and Measures (CIPM) under 
the authority assigned by the Metre Convention. In the framework of MRA, all participating national metrology institutes 
recognize each other the validity of the calibration measurement certificates, issued for quantities, ranges and 
measurement uncertainties listed in Annex C  (for further details, consult the official Bureau International des Poids et 
Mesures (BIPM) website: http://www.bipm.org). 
 

Table I-Instrument and experimental measurement set-up 

 
Table II – Calibration Factor 
Reading scale on the instrument monitor 
during measurements (micro Sv per hour) NΦ NH 

Η*(10)  [µSv/h] 0.6738    [ µSv -1  h s-1 cm-2] 
(2.4257 10+9 [Sv -1 cm-2]) 

0.9484 

 
The uncertainties of NΦ ed NH factors are reported in Table III. 
This certificate consists of 5 pages. All the details concerning the adopted calibration procedure are described from page 2 to page 6. 
 
 

Calibration performed by 
Eng. L.Quintieri 

   

Customer Advanced Accelerator Applications- Colleretto Giacosa  
Ivrea (To) ITALY 

Instrument Specifications 

Manufacturer Berthold Technologies 
Detector type  Neutron probe- rem counter 
Model LB 6411 
Monitor model 
Serial number 
Internal Calibration Factor 

LB 123 
6347 
1.207 

Measurement Parameters 

Measurement period From 11 to 12 April 2014 

Irradiation direction 
Instrument monitor in front of the source and the probe centre 
aligned to the source centre along the irradiation bench axis 
(see Annex A) 

Source type 241Am-Be(α,n) 
Source code 4335 
Emission rate @ 11/04/2014 2.196 10 +6 s-1 
Distance range for calibration  15.0 ÷ 181.2 cm 
Certificate page number 6 (six) 

INMRI  Protocol Nr. INMRI/0025/2014 

Istituto Nazionale di Metrologia 
delle Radiazioni Ionizzanti 

the Responsible 
(Dott. P. De Felice) 

The released certificate complies 
with the generic prescriptions of 
ISO/IEC 17025 

2013-up today 
survey meter

Quantity

LB6411+UMO123 10

LB6414 1

Thermo 5

Alnor 4

Inspector 1000 3

Atomtex 1

Victoreen 2

Thermo Fisher Ele. 
Corp.

1

Ludlum Meas. Inc 1

∼ 30  dose rate meters have been 
calibrated since 2013, mainly for 
hospitals and other Italian research 
institutes



Future plan for the Calibration Service

Improving the measurement 
procedure using a gamma source 
(suitable portable Cs-137 source) or, 
alternatively verifying the photon 
response of survey meters or 
neutron detectors using the Cs-137 
INMRI-ENEA reference beam. 

Measurements of the room 
scattering radiation contribution, by 
using ISO shadow cones. This will 
require to build an aligned and 
movable support for the cones. 

Work is in progress in order to 
develop electronic acquisition of 
readout for Berthold and Thermo 
digital survey meters (digital signal 
processing)

Preliminary design, courtesy of Tecnicom 
 (F. Bronzini, A. Marra )
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Fig. 9. Neutron Laboratory hall: Calibration experimental set-up .

Table 9. National standards maintained at the ENEA-INMRI (Italy) in the field of neutron metrology.

Quantity Standard Radiation Quality Uncertainty* Measurement range

Neutron emission Manganese sulphate 1.5 105-107

rate bath (MnSO4)
241Am-Be [s�1]

Neutron flux Thermal neutron flux 1.5 1.2 · 104
density density standard Thermal neutrons [cm�2s�1]
* The uncertainty values are relative (%) combined standard uncertainties (k=1).

Table 10. Radionuclide neutron sources available at the
ENEA-INMRI for neutron metrology.

Source Type Quantity Neutron emission rate
( at the date of this article)
[s�1]

Am-Li 2 1.0 E+05
4.0 E+04

Am-F 1 4.5 E+05
Am-B 1 4.0 E+05
Am-Be 4 2.24 E+06*

2.89 E+06*

2.4 E+06
7.2 E+04

Cf-252 ** 4 6.9 E+04
2.9 E+03
1.2 E+02
4.6 E+01

Po-Li ** 1 1.3 E+01

* Values measured by MnSO4 bath calibration in 2012
** The Cf-252 and Po-Li neutron sources have decayed down to
too low emission rate values and are no longer usable e↵ectively.
Purchase of new sources is planned before the end of 2014

Furthermore the ENEA-INMRI can rely on more intense neutron sources and/or irradiation facilities managed by
other ENEA Technical Units such as the thermal TRIGA Reactor (1 MW, 3 ·1013 cm�2s�1) and the fast TAPIRO
Reactor (5 kW, 5·1012 cm�2 s�1) [28].
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At the end of 2012 two AmBe 
sources have been calibrated, 
using the MnSO4 bath absolute 
method: 

The emission rate values with 
these sources have been 
measured with uncertainty of 
less than of 1.5%: 

1) (2.24 ± 0.03) · 10^6s−1  

2) (2.89 ± 0.04) · 10^6 s−1 

These two sources are presently 
used to generate the neutron 
reference field for calibration 
purposes

The MnSO4 bath is contained in an AISI 306L stainless-steel spherical vessel 
with 100 cm inner diameter and 5 mm thickness 

A 30 cm diameter opening on the top of the steel sphere allows the 
arrangement and movement of the neutron source inside the bath.  

The spherical vessel has a capacity of about 520 l of MnSO4 aqueous 
solution (used concentration of 1.1152mol/l with density of 1.1564g/cm3).  

The bath is kept homogeneous thanks to an external pump, with flow rate of 
1000 l/h, that circulates the solution trough an external auxiliary circuit.  

The rate at which activity is produced is proportional to the neutron 
emission rate of the source, hence the neutron rate can be found by 
measuring the decay rate of 56Mn or equivalently counting the gamma ray  
emitted, using an NaI(Tl) scintillator 
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Table 12. Radionuclide neutron sources available at the ENEA-INMRI for neutron metrology.

Source type Quantity Neutron emission rate (at the date of this article)
[s−1]

Am-Li 2 1.0 E+05
4.0 E+04

Am-F 1 4.5 E+05
Am-B 1 4.0 E+05

Am-Be 4 2.24 E+06(a)

2.89 E+06(a)

2.4 E+06
7.2 E+04

Cf-252(b) 4 6.9 E+04
2.9 E+03
1.2 E+02
4.6 E+01

Po-Li(b) 1 1.3 E+01

(a)
Values measured by MnSO4 bath calibration in 2012.

(b)
The Cf-252 and Po-Li neutron sources have decayed down to too low emission rate

values and are no longer usable effectively. Purchase of new sources is planned before the

end of 2014.

Fig. 11. Left: MnSO4 bath experimental set-up. Right: Scheme of the ENEA-INMRI MnSO4 bath. M = stepper motor;
S = sample holder; P = pump (1000L/h); V = Valves; B = Marinelli Beaker and NaI(Tl) detector.

One or more gamma rays over the energy range 846.76 keV–3.37MeV are produced in the β decay of 56Mn into the
stable 56Fe isotope. The rate at which activity is produced is proportional to the neutron emission rate of the source,
hence the neutron rate can be found by measuring the decay rate of 56Mn or equivalently counting the emitted gamma
ray by a NaI(Tl) scintillator. On the other side, the NaI(Tl) detector calibration is carried out by introducing in the
bath a well-known 56Mn activity. This is obtained by 55Mn irradiation in the neutron thermal extraction line of the
ENEA TRIGA reactor and measured by the ENEA-INMRI radionuclide activity standards.

The MnSO4 bath is contained in an AISI 306L stainless-steel spherical vessel with 100 cm inner diameter and 5mm
thickness (see fig. 11). A 30 cm diameter opening on the top of the steel sphere allows the arrangement and movement
of the neutron source inside the bath. The spherical vessel has a capacity of about 520 l of MnSO4 aqueous solution
with concentration of 1.1152mol/l and density of 1.1564 g/cm3.
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5.2 ENEA-INMRI primary standard for the neutron emission rate: the MnSO4 bath

The manganese sulphate bath method allows relating the neutron emission rate from a radionuclide neutron source
with the 56Mn activity generated by 55Mn neutron activation [29],[30]. The neutron source is placed at the centre of a
spherical bath containing a MnSO4 aqueous solution. Fast neutrons emitted from the source are mostly slowed down
by elastic collisions with the H nuclei, while only a small fraction is lost by absorption from O and S by (n, ↵) and
(n, p) reactions. Thermalized neutrons are then captured by Mn, S, O and H nuclei with production of 56Mn , 33S,
17O and D, respectively. These all are stable nuclides except 56Mn , that decays � with half-life of 2.57878 h to 56Fe
according the following reaction:

55Mn+ n ! (56Mn) !56 Fe+ � + �

One or more gamma rays over the energy range 846.76 KeV÷3.37 MeV are produced in the � decay of 56Mn into the
stable 56Fe isotope. The rate at which activity is produced is proportional to the neutron emission rate of the source,
hence the neutron rate can be found by measuring the decay rate of 56Mn or equivalently counting the gamma ray
emitted by the NaI(Tl) scintillator. On the other side, the NaI(Tl) detector calibration is carried out by introducing
in the bath a well known 56Mn activity. This is obtained by 55Mn irradiation in the neutron thermal extraction line
of the ENEA TRIGA reactor and measured by the ENEA-INMRI radionuclide activity standards.

The MnSO4 bath is contained in an AISI 306L stainless steel spherical vessel with 100 cm inner diameter and 5
mm thickness (see Figure 10). A 30 cm diameter opening on the top of the steel sphere allows the arrangement and
movement of the neutron source inside the bath. The spherical vessel has a capacity of about 520 l of MnSO4 aqueous
solution with concentration of 1.1152 mol/l and density of 1.1564 g/cm3.

The bath is kept homogeneous thanks to to an external pump, with flow rate of 1,000 l/h, that circulates the
solution trough an external auxiliary circuit. A fraction of the solution can be directed to a Marinelli beaker coupled
to a NaI (Tl) scintillation detector for continuous measurement of the 56Mn activity concentration. The scintillator
detector is shielded with 10 cm lead, in order to protect the he scintlllator from the gamma background contribution.

As documented in [31], at the end of 2012 two 241Am-Be sources have been calibrated, using the MnSO4 bath
absolute method, determining the emission rate values with an uncertainty of less than of 1.5% : (2.24 ± 0.03) · 106
s�1 and (2.89± 0.04) · 106 s�1.

!
Fig. 10. Left: MnSO4 bath experimental set-up. Right: Scheme of the ENEA-INMRI MnSO4 bath. M=stepper motor, S=sample
holder, P=pump (1000 L/h), V=Valves, B=Marinelli Beaker and NaI(Tl) detector.

5.3 ENEA-INMRI primary standard for the neutron flux: the thermal pile

The thermal neutron flux standard (Figure 11) was assembled in 1973 [32]. It consists of a reactor graded graphite
cylinder (25 cm diameter, 20 cm high), surrounded by a 13.5 cm thick polyethylene reflector, which acts as moderator
and shield. Six 241Am-Be neutron sources (with an average individual emission rate of about 106 s�1) are located in
the polyethylene reflector at angular distances of 60o, one from the other. The source centres are placed in a plane
crossing perpendicularly, in its center, the vertical axis of an irradiation cylindrical air cavity (5 cm diameter, 10 cm
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Primary standard for thermal neutron flux density

The thermal neutron flux standard was assembled first 
in 1973. [E. Rotondi, The Thermal neutron flux density 
standard at C.S.N.: design and calibration, Report 
CNEN-RT/PROT(73)37 (1973)] 

It consists of a reactor grade graphite cylinder (25 cm 
diameter, 20 cm high), surrounded by a 13.5 cm thick 
polyethylene reflector, which acts as moderator and 
shield.  

Six Am-Be neutron sources (with an average individual 
emission rate of about 1.E+6 s^−1) are located in the 
polyethylene reflector 60 degree apart,  

The irradiation cylindrical air cavity has 5cm diameter, 
10 cm height. A movable polyethylene-graphite plug 
closes the access to the irradiation cavity.  

The standard was calibrated by the gold foil technique 
giving a flux density of 1.217·10^4 /cm^2/s with 0.9% 
uncertainty. The Cadmium ratio R_Cd =9.31+/- 0.05, 
with a spacial uniformity better than 0.2% 

The foil activity measurements are traceable to the national standard of radionuclide activity (Bq). In 2005 the thermal 
fluence standard was completely dismantled and moved to the present location (ENEA-INMRI Neutron Laboratory). 



Study of feasibility of a thermal neutron irradiation system 
for calibration of personal dosimeters in terms of Hp(10)  

Goal: 35 cm diameter cylindrical air cavity (to 
allow the uniform irradiation of 30cm ︎x30cm ︎x15 
cm water slab phantom, according to what stated 
on Hp(10) by International Standard ISO 8529-3 )  

It is foreseen to use AmBe sources to reach in the 
cavity at least a neutron fluence rate around 5E+4 
cm-2 s-1 

2 m3 reactor grade graphite; Polyethylene shell in 
addition and other suitably chosen materials 

Thermal fluence homogeneity should be 
guaranteed   within few percent (the design of 
suitable flattening filters are also considered) 

At present we are doing parametric Monte Carlo 
estimations to optimise shape, material thickness, 
source distribution in order to maximise the 
thermal flux density inside the column. The spatial 
uniformity is also an important constraint.

High purity reactor grade graphite 
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Advanced routine to describe accurately the 
contemporary neutron emission from 6 (12) 
cylindrical sources with ISO AmBe lethargic 

energy spectrum. The emission spatial 
anisotropy has been taken into account, as well 
as an accurate description of  the X3 capsule 

has been introduced in the model



Other ongoing research activities…
•EMPIR SRT: Metrology for accuracy of dose to patients in 
hadron therapy. Our task consists on neutron dose simulations 
with the major neutron transport Monte Carlo codes, for 
benchmarking purposes. 

•H2020, Call “SPACE” 2015, project MONSTRE Consortium, 
EU. This concerns the estimation of the dose released to cells in 
microgravity conditions, by 14 MeV neutrons. Final goal, related 
to Neutron Metrology: to characterise from the metrological 
point of view the 14 MeV portable neutron source to be used as 
reference filed for calibration purpose (in the frame of an 
ongoing agreement between METR and UTFIS ENEA 
department) 

•Put in operation the long counters (“De Pangher” ) as a 
transfer standard for neutron fluence measurements.This will 
require, beside experimental work, also Monte Carlo simulations 
to estimate the response functions and the effective center of 
the detector. To this aim, it could be useful to refer to other 
“similar” De Pangher Long counters both in the early 
characterisation phase and in the final fluence measurement 
comparisons 

• INFN- LNF collaboration on various experimental activities 
(measurement of neutron and photon spectra in reference 
field) and MC simulations activities (accelerator dump 
optimisation).

Neutron generators 
(NG) by (DT) at 14 MeV

Long Counter De 
Pangher

3. Results

Fig. 5 shows a contour plot of the energy deposited in the NE-213
detector as a function of “pulse shape” (PS, see below) versus “L” (the
energy deposited in the LG QDC). PS was calculated using the “tail-
to-total”method (Jhingan et al., 2008; Lavagno et al., 2010; Paweczak
et al., 2013); namely, the difference in the energies registered by the
LG and SG QDCs was normalized to the energy registered by the LG
QDC. As the NE-213 scintillator responded differently6 to gamma-ray
and fast-neutron events, the two distinct distributions appeared in
the PS versus L contour plot. Particle identification (PID) based solely
upon the pulse-shape discrimination (PSD) characteristics of the NE-
213 detector was good, although some overlap between the dis-
tributions existed in the vicinity of PS 0.2∼ .

Fig. 6 presents the time-of-flight distribution of the data shown
in Fig. 5. No software cut on L was applied in mapping the data
from Figs. 5 and 6. The hardware threshold was 250 keVee. The top
panel shows a contour plot of PS versus time-of-flight. Time-of-
flight based PID is clearly excellent. The bottom panel shows the
projection of events from the top panel onto the time-of-flight axis
subject to a PS ¼ 0.19 cut to separate neutrons from gamma-rays.
The sharp (blue) unshaded peak centered at about 2 ns is known
as the “γ-flash”.7 The gamma-flash corresponds to a pair of
prompt, time-correlated gamma-rays produced in the source
which triggered both the NE-213 detector and the YAP detector.
The 1.8 ns∼ FWHM of the gamma-flash is consistent with the
timing jitter on our PMT signals. The tail of events to the right of
the gamma-flash corresponds to non-prompt gamma-rays8 and
randoms (see below). The broad (red) shaded peak centered at
about 25 ns corresponds to time-correlated 4.44 MeV gamma-ray/
fast-neutron pairs where the fast neutron triggered the NE-213
detector while the 4.44 MeV gamma-ray triggered the YAP de-
tector. A neutron with time-of-flight measured in this manner has
been tagged. The very low level of background consists of ran-
doms. Random events arose when the NE-213 detector started the
time-of-flight measurement, but no correlated stop was received
from the YAP. Typical random events included cosmic rays, room
background, Am/Be neutrons not correlated with a 4.44 MeV
gamma-ray, and Am/Be neutrons where the 4.44 MeV gamma-ray
was missed due to YAP inefficiency or geometry.

Fig. 7 shows our tagged-neutron results together with previous
results, the ISO 8529-2 reference neutron radiation spectrum for
Am/Be,9 and theoretical calculations. Our data represent yield –

they have not been corrected for neutron-detection efficiency or

detector acceptance. In all three panels, the maximum values of
the spectra at 3 MeV∼ have been normalized to our distribution.
The reference neutron radiation spectrum is shown in the top
panel together with the full-energy neutron spectrum of Lorch
(1973) which is widely quoted in conjunction with work with Am/
Be sources. Agreement between the Lorch data and the reference
spectrum is very good between 2.5 MeV and 10 MeV. The re-
ference spectrum shows some strength above 10 MeV which Lorch
did not observe. Our data show no strength above 7 MeV∼ due to
the neutron-tagging procedure – 4.44 MeV potentially available to
the neutron are “lost” to the creation of the de-excitation gamma-
ray. This is neither an acceptance nor an efficiency effect, it is
purely energetics. The reference spectrum shows considerable
strength below 2.5 MeV. Our data also show some strength in this
region. The Lorch data do not. The sharp cutoff at about 2.5 MeV in
the Lorch data is not directly discussed in the reference, but based
upon its appearance in spectra from several different sources all
measured with the same apparatus, we attribute it to an analysis
threshold cut as it lies well above their quoted neutron-detector
threshold of 1 MeV. Our hardware threshold was 250 keVee cor-
responding to a neutron energy of ∼1.3 MeV, and no analysis
threshold cut was employed. The agreement between our data,
those of Lorch, and the reference spectrum between 2.5 and 5 MeV
(in the region of overlap) is excellent. The method of tagging the
4.44 MeV de-excitation gamma-ray and a comparable Am/Be
source10 were employed by Geiger and Hargrove (1964) in ob-
taining the results shown in the middle panel. Both the neutrons
and the gamma-rays from their source were detected in Naton 136
plastic scintillators. Agreement with our results is very good. We
attribute the small difference in the strengths observed in the two
measurements to neutron-detection efficiency and acceptance
effects which we do not consider. We attribute the relative
broadening of their measured neutron distribution with respect to
ours to their quoted poorer than 12% energy resolution for neutron
detection, which based on the numbers quoted in their manu-
script, we gather was calculated at 2 MeV. At 2 MeV, based upon
our gamma-flash FWHM of 1.8 ns, time-of-flight path length of
0.675 m, and detector half-depth of 3.1 cm, our energy resolution
was 11%. At 4 MeV, our energy resolution was 19%. The three in-
dependent theoretical calculations of the tagged-neutron yield
shown in the bottom panel come from Vijaya and Kumar (1973),
Van der Zwan (1968), and De Guarrini and Malaroda (1971). The
details of these calculations are beyond the scope of this paper, but
clearly all three are in reasonable agreement both with each other
as well as our results. We conclude we are tagging neutrons.

4. Summary

We have employed shielding, coincidence, and time-of-flight
measurement techniques to tag fast neutrons emitted from an Am/

Fig. 5. A contour plot of pulse shape (PS) versus total energy deposited in the LG QDC (L) for correlated fast-neutron/gamma-ray events in the NE-213 detector. The upper
distribution corresponds to neutrons while the lower band corresponds to gamma-rays.

6 In the liquid scintillator NE-213, gamma-ray scintillations are fast while
neutron-associated scintillations have pronounced slow components. Analysis of
the time structure of the scintillation components leads to particle identification
(PID) and is known as pulse-shape discrimination (PSD).

7 The instant of the production in the source of the correlated pair of events
which produce the time-of-flight data is known as “T0” and is located at a time-of-
flight of 0 ns.

8 A non-prompt gamma-ray can result from inelastic neutron scattering.
9 While we employ the reference spectrum in our discussion of results, the

interested reader may refer to Marsh et al. (1995) and Chen et al. (2014).

10 Their source capsule was slightly smaller and emitted about 50% more
neutrons per second.
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Contour plot of Pulse Shape versus time-of-flight (ToF). 



Neutron and gamma spectrum measurements of 
reference fields

In collaboration with LNF-INFN (G.Giordano, M. Iannarelli, E. Turri) and UTFUS (B.Esposito), we are designing a 
measurement campaign to obtain an accurate (as much as possible) reconstruction of the actual neutron spectrum 
from the reference 241Am/9Be source. The technique foreseen to be used is a time-of-flight, tagging fast neutrons 
with 𝛾 

• TheAm/Be free-neutron distribution has a maximum value of about 11 MeV and a sub-structure of peaks whose energies 
and relative intensities vary depending upon the properties of the Am/Be source containment capsule and the size of the 
241AmO2 and Be particles in the powders employed.The average fast-neutron energy is ∼4.5 MeV.  

•Almost 60% of the neutrons emitted by an Am/Be source are accompanied by a prompt, time-correlated 4.44 MeV γ-ray. We 
exploit this property of the source to determine neutron TOF and thus kinetic energy by measuring the elapsed time 
between the detection of the 4.44 MeV γ-rays and the detection of the fast neutrons.  

•NE-213 fast-neutron and gamma-ray detector (UTFUS) and a NaI scintillator will be used 

• In collaboration with LNF (A.Esposito)  also measurements with Bonner Sphere spectrometers are foreseen 

NE213

Be source as a first step towards developing a source-based fast-
neutron irradiation facility. The resulting continuous polychro-
matic energy-tagged neutron beam has a measured energy
structure that agrees qualitatively with both previous measure-
ments and theoretical calculations. We conclude that our approach
works as expected, and anticipate that it can provide a cost-ef-
fective means for detector characterization and tests of shielding.
We note that this technique will work equally well for all Be-
compound neutron sources.
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work, however, the 241Am/F spectrum measured 
here shows fine structure in the form of two 
clearly resolved neutron peaks at approx. 1 "8 and 
2" 1 MeV. Other  workers ~5.e) using 21°Po]F and 
239pu/F sources have also failed to find these 
peaks but they have been consistently found in 
the spectra measured here. Small amounts 
of other light elements (Na, Mg) are present in 
the target material  but  these are insufficient 
to explain the fine structure as due to impurities. 
Rather  the appearance of fine structure in this 
work would indicate a higher instrumental 
resolution, due to the thin crystal used, and/or 
that less smoothing has been performed on the 
data in the numerical analysis stage. 

The  2~aAm/B spectrum has a peak position 
lower than that  of Burger's results (2.6 MeV 
compared with 2.9 MeV) but  there is no 
evidence for similar fine structure as with 
~41Am/F. A prominent  shoulder is found in the 
4-4.5 MeV region. 

(3) 241Am/Be : 
9Be + 0~ --~ I2C + n + 5.71 MeV. 

A typical spectrum is illustrated in Fig. 4. 
Peaks are observed at approx. 3.3, 4.3, 4.8-5.0, 
6.8, 7.7 and a shoulder at 9.5 MeV. All this 
detail, except the peak at 4.3 MeV, is well 
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FIG. 4. ~41Am/Be spectrum. 
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established ~7-18) although slight variations in the 
energies are quoted. Evidence for the small 
peak at 4.3 MeV has consistently been found 
in the spectra determined here. Many  workers 
have determined 241Am/Be spectra to have 
3.3 and 5.0 MeV peaks of equal intensity, ~7.s) 
but  as can be seen from Fig. 4, our sources show 
spectra with the 4.8-5.0 MeV peak much less 
pronounced than that  at  3 .3MeV.  I t  is 
interesting to note that  in work published by 
other workers, o-n)  who have also used sources 
produced in our laboratories, the same general 
feature of low 5/3.3 MeV peak ratio is observed. 
These workers have determined spectra very 
similar to that  given here and two, iga°) also 
show evidence for an intermediate peak at 4-4.3 
MeV. 

I t  is well known that  the spectral features 
are dependent  on the source construction and 
especially on the particulate size of the AmO2 
and Be powder, tx~'l~) as this will strongly 
influence the distribution of alpha particle 
energies. The  work of ZWAN clz) in particular 
shows that the relative intensity of the various 
neutron groups present in the spectrum de- 
pends on this energy distribution, hence the 
ratio of the 5/3.3 MeV peaks will also be a 
function of the particulate size. The  ratio 
measured by us may  therefore be taken as 
characteristic of the neutron sources produced 
in these laboratories. 

(4) 242Cm/Be: 
9Be + ~--~ a2C + n + 5"71 MeV. 

A typical 242Cm/Be spectrum is illustrated in 
Fig. 5. I t  is seen that  the structure in the 3-6 
MeV region is different from that of the 241Am/ 
Be sources. A greater fraction of the total 
neutron emission takes place in this energy 
region but  above 6 MeV the spectrum appears  
very similar to that  of Am/Be. Differences 
between the two spectra are to be expected due 
to the vastly different specific activities of  the 
two radioisotopes (3 Ci/g for Am and 1000 Ci/g 
for the Cm), and the higher incident a-particle 
energy of 242Cm (6.1 MeV compared with 
5.5 MeV for 241Am) which probably  leads to 
higher mean energy for the a lpha particle dis- 
tribution and hence to an increased population 
of the 4.43 MeV state of I2C. The  cross section 
for excitation to this state becomes the dominant  



web page: http://www.inmri.enea.it

http://www.inmri.enea.it


“Thank you for your attention.”


